New Bi 2 Se 3 /BiOCl composites were synthesized with a p-n heterojunction by two synthesis methods: coprecipitation and hydrothermal. Likewise, some synthesis parameters were modified such as the stabilizing agent concentration (EDTA) and the synthesis temperature. The materials were characterized by X-ray diffraction (XRD), scanning electron microscopy (SEM), Raman spectroscopy and XPS spectroscopy. The electrical conductivity of the materials was determined by measuring the resistivity using the four point probe method. The results show that different growth mechanisms of the species are generated in the Bi 2 Se 3 /BiOCl composites, modifying the synthesis conditions. The morphologies and phases that are formed generate different electrical properties in these composites and the increase in the electrical conductivity of some samples can be attributed mainly to the formation of the stable p-n heterojunction between Bi 2 Se 3 and BiOCl due to the generation of internal electric fields.
Introduction
Topological insulators such as bismuth selenide (Bi 2 Se 3 ) have recently attracted attention because these materials have different metallic states on their surface, which enable them to behave as insulators in the interior and as conductors on the surface . Recently, Bi 2 Se 3 with characteristics of an ntype semiconductor has been extensively researched, since this material has a suitable band gap energy that can be used in several applications such as solar cells (Mane et al., 1999) , thermoelectric materials (Kozma et al., 2015; Kadel et al., 2011) and photocatalysis (Gao et al., 2016) .
On the other hand, it has also been found that the coupling of n-type semiconductors with p-type ones facilitates the separation of charge carriers from a p-type semiconductor, resulting in the generation of an internal electric field through the formation of a heterojunction, improving the conductivity of materials (Mehraj et al., 2016) . Then, the development of new materials with a p-n heterojunction such as Bi 2 Se 3 /BiOCl will allow the improvement of the metallic electron transport at the surface and its performance as field effect transistor, so these materials could have a suite of potential applications as thermoelectric materials (Kozma et al., 2015) as well as in nanoelectronics and spintronics (Zhu et al., 2013) .
So far, new materials have been developed based on highly effective heterojunctions, including several materials based on bismuth (Mehraj et al., 2016; Chen et al., 2015; Gao et al., 2016) . These materials have been synthesized in the form of powders or thin films by different synthesis methods such as CVD, pyrolytic spray, deposit by chemical bath and electrochemical deposit. However, typically, the nanomaterials synthesized by these methods exhibit low electrical conductivity, partially due to residues of chemical reagents in the bulk of the sample. Moreover, it has been found that the use of organic solvents (i. e., alkanethiol, alkylamine, tri-n-octylphosphine) to disperse the chemical precursors or stabilizers (dodecanethiol, ethylene-diamine-tetraacetic acid, thioglycolic acid) to form the desired morphology, inhibits the electrical properties of these materials (Kadel et al., 2011) . Therefore, in this work, new Bi 2 Se 3 /BiOCl composites were prepared with a pn heterojunction by two different chemical methods using water as a solvent, thus seeking to reduce the remains of chemical residues and increase their electrical conductivity.
Experimental part
Bi 2 Se 3 /BiOCl composites were synthesized by two different methods: coprecipitation (COP) and hydrothermal (HT) from bismuth chloride (BiCl 3 , 98%) and selenium tetrachloride (SeCl 4 ) using ethylenediaminetetraacetic acid (EDTA) as a chelating agent, all from Aldrich.
Synthesis of composites by the coprecipitation method
The samples were prepare using 1.1 g of BiCl 3 , 1.1 g of SeCl 4 and different amounts, from 0.33 to 0.99 g of EDTA. The precursors and the chelating agent were mixed to form an aqueous solution which was placed on ultrasound for 10 min. Subsequently, the solution was stirred at room temperature for 1 h. Then, sodium hydroxide and 0.58 g of sodium borohydride were added and the mixture was stirred at 75°C until the appearance of a precipitate. Finally, the precipitate was separated by decanting, washed and dried at 110°C for 4 h.
Synthesis of composites by the hydrothermal method
Similarly to the above method, 1.1 g of BiCl 3 , 1.1 g of SeCl 4 and different amounts, from 0.33 to 0.99 g of EDTA were mixed to form an aqueous solution that was placed on ultrasound for 10 min. Subsequently, the solution was stirred at room temperature for 1 h. Next, sodium hydroxide and 0.58 grams of sodium borohydride were added and the solution was placed in an autoclave at 120°C for 9 h. Finally, the precipitate was decanted, washed and dried at 110°C for 4 h.
Characterization of composites
The materials were characterized by X-ray diffraction (XRD), scanning electron microscopy (SEM), Raman spectroscopy and XPS spectroscopy. The XRD analyzes were carried out by using a diffractometer RIGAKU model Miniflex 600 with an X-ray tube with Cu radiation K α (λ = 1.5418 Å). The used power was of 40 kV and 15 mA with a step of 0.02 and a speed of 5°/min. The Raman spectroscopy analyzes were carried out using a HORIBA spectrometer Jobin Yvon equipped with a CCD detector using a 532-nm excitation laser. The XPS spectra were obtained in a KAlpha equipment from Thermo Scientific, which has an Al K α source and a monochromator. The general spectra were obtained by using step energy of 160 and 60 eV for the high resolution spectra. In the case of these samples, a load compensation system was used. Finally, the samples were studied by SEM using a Nova 200 Nanolab double-beam microscope, scanning electron beam emission field, with a resolution of 1.1 nm and a focused ion beam with a resolution of 1.7 nm.
Evaluation of the electrical conductivity of the composites
The measurements were made by the 4-point method from the value of the electrical resistivity. In a 4-pin equipment, a current (I) was applied between the end points and a potential difference between the two intermediate points (∆V(a, b) ) was measured as shown in For thin films (d ≤ 2µm) deposited on a dielectric material, Fig. 1 (a) , it can be assumed that all the current flows through the film. If, in addition, the tips are equally spaced apart, S 1 = S 2 = S 3 = s, then a = s and b = 2s and the film resistance [Ohm/frame] can be calculated as:
where the value for ∆V(a, b)/I is obtained by linear interpolation to the experimental data ∆V(a, b) vs. I recorded by the equipment. In the case of coarse samples, thickness d > 2µm ( Fig. 1(b) ), the current that is injected through point 1 is evenly distributed in the material over a hemisphere of radius "r" centered at the point of contact that generates a current density (J).
Given the resistivity of the material (ρ m ), an electric field proportional to the current density E = ρ m J is induced, which generates a potential difference (∆V) between separated points at different distance "r" from the contact point. Under these conditions, the potential difference between points 2 and 3 (∆V 3,2 ) is obtained by the expression:
For the case where the tips are equally spaced apart, i.e. S 1 = S 2 = S 3 = S , then the potential difference is obtained from the relationship:
And finally, the resistivity of the material is calculated as:
where the value of ∆V 3,2 /I, similar to the previous case, is obtained by linear interpolation to the experimental data ∆V 3,2 vs. I given by the equipment.
In the case of the used equipment, the distance between points is S = 0.04 "= 0.1016 cm, so that the value of the resistance calculated by linear interpolation must be multiplied by the factor 2πS =0.638372 cm to obtain the resistivity of the material.
Results and discussion

Effect of the synthesis method
Bi 2 Se 3 /BiOCl composites were synthesized by using the coprecipitation and hydrothermal methods without organic solvents. The samples were labeled as BiSe-COP and BiSe-HT for the coprecipitation and hydrothermal methods, respectively. The results of their structural characterization and electrical conductivity are shown below.
Characterization by X-ray diffraction (XRD)
Figure 2 presents the diffraction patterns for the BiSe-COP and BiSe-HT samples. The presence of several phases in both systems is observed and it is highlighted that in the case of the sample synthesized by the hydrothermal method a higher amount of the rhombic phase of Bi 2 Se 3 was obtained. This last phase was identified with the presence of peaks at 2θ = 18. 6, 25.1, 29.4, 40.3, 43.8, . The presence of the bismuth oxychloride phase (BiOCl), identified with the peaks at 2θ = 12, 24.1, 27, 32.5, 33, 37, , is also observed, which was formed from the reaction between the bismuth precursor (BiCl 3 ) and water, and which subsequently decomposes and reacts with SeCl 4 to form Bi 2 Se 3 .
The main Bi 2 Se 3 peak at 2θ = 29.4°is framed in the blue box while the main BiOCl peaks are framed in the green box (Fig. 2) . As it can be seen, Bi 2 Se 3 is found in a higher proportion in the sample synthesized by the hydrothermal method (BiSe-HT). This may indicate that in the case of the BiSe-COP sample, the crystalline phase of the selenide was not formed due to the lowest synthesis temperature as well as the reaction time used in this method.
Characterization by Raman spectroscopy
In Figure 3 , the Raman spectra obtained at different points of the BiSe-COP and BiSe-HT samples are presented. The measurements were made by using a laser λ = 532 nm. In these spectra, the bands representative of the formation of Bi 2 Se 3 appeared at approximately 68, 125, 170 and 250 cm −1 , mainly in the sample synthesized by the hydrothermal method.
The bands at 125 and 170 cm −1 were assigned to the E 2 g and A 1g vibrational modes of Bi 2 Se 3 , which are characteristic of this compound in the active modes in Raman (Zhang et al., 2011) . Likewise, in the case of the BiSe-COP sample, other bands are also observed at 140 and 198 cm −1 , which are attributed to the formation of BiOCl, also found by XRD. BiOCl has a tetragonal structure of the spatial group (D4h7); for this structure, the active modes in Raman are A 1g , B 1g and E g . The spectra in Fig.  3 .2 present an intense band at 140 cm −1 that was assigned to the internal Bi-Cl stretching mode A 1g and a weak band at 198 cm −1 that could be assigned to the E g mode of the Bi-Cl bond. These results coincide with the results found by XRD and also corroborate a greater formation of Bi 2 Se 3 obtained by the hydrothermal method.
Characterization by XPS spectroscopy
Figures 4 to 6 show X-ray photoelectron spectroscopy (XPS) high resolution spectra of the samples synthesized by the coprecipitation and hydrothermal methods. Figure 4 shows the comparison between the BiSe-COP and BiSe-HT spectra in the Se 3d and Bi 4 f regions, respectively. In both samples, bands in coincident regions corresponding to the formation of Bi 2 Se 3 are observed while it is clear that the BiSe-COP sample has wider bands that correspond to the formation of other compounds present in this sample, and that according to the results above, confirm the increased presence of bismuth oxychloride on the surface of this sample. In the Se 3d spectrum, an extra band between 58 and 60 eV that corresponds to the surface oxidation is also observed. Previous works have shown that air exposure caused the formation of an oxide layer on the Bi 2 Se 3 surface (Zhou et al., 2016) . In our case, strong selenium oxide (SeO x ) peaks are observed, mainly in the BiSe-HT sample, which suggests the surface oxidation of the Bi 2 Se 3 samples produced by their exposure to the atmosphere. These results confirm that there is a higher formation of bismuth selenite in this sample. On the other hand, in the Bi 4 f spectrum, the bands corresponding to the formation of Bi 2 Se 3 can be seen at 164.4 and 159.1 eV while the bands corresponding to the formation of BiOCl are found at 163.5 and 158.1 eV (Tien et al., 2013) .
To confirm these results, the deconvolution of the core level spectra of Bi 4 f , for both samples, is shown in Figure 5 . It is observed that both samples have a doublet at 164.4 and 159.1 eV that corresponds to the 4f 5/2 and 4f 7/2 doublets of Bi inside the crystalline Bi 2 Se 3 lattice. However, the BiSe-COP sample (Fig.  5a ) presents an extra doublet at 158.1 and 163.5 eV for Bi 4f 5/2 and 4f 7/2 , respectively, which corresponds to the formation of BiOCl. The oxygen atoms bound to bismuth and chlorine in the structure give rise to a 1s peak of O near 532.1 eV (Fig. 6 ) while the BiSe-HT sample only presents an intense peak that corresponds to the surface oxidation of the Bi 2 Se 3 samples. The DRX, Raman and XPS results suggest that the formation mechanism of the Bi 2 Se 3 /BiOCl composites could be the decomposition of the BiCl 3 and SeCl 4 precursors to form BiOCl and the subsequent dissociation of the oxides to form bismuth selenide. (Keramidas et al., 1993 , Smith et al., 1950 . Figure 7 presents the SEM images of the SiBe-COP and BiSe-HT samples. The SEM characterization of the composites shows that there are also morphological and structural differences in these materials. It is observed that the sample synthesized by the coprecipitation method has a relatively uniform flake-type morphology with different thicknesses while the sample synthesized by the hydrothermal method shows a more heterogeneous morphology with the formation of both more faceted particles and some cubes on its surface which are about 200 nm per side. It is also observe some differences in the texture and porosity of the samples, since the sample prepared by coprecipitation presents more homogeneous surface voids. The change in the morphology and texture of the sample synthesized by the hydrothermal method is due to the presence of the Bi 2 Se 3 and BiOCl phases. Table 1 shows the resistivity results for the samples prepared by both methods. For these measurements, powders were pressed at 10 tons and tablets were formed with a diameter of approximately 15 mm and thickness of approximately 0.4 mm. According to the previous results, it was determined that the sample synthesized by the hydrothermal method had better electrical conductivity results; thus, a study of the effect of temperature and EDTA content was carried out by using this method.
Fig. 6 High resolution XPS spectra in the O1s region of the BiSe-COP and BiSe-HT samples.
Characterization by scanning electron microscopy (SEM)
Effect of synthesis temperature
According to the previous results, the method that gave the best results in terms of electrical conductivity was the hydrothermal one; so, this method was used to study the effect of the synthesis temperature and subsequently the EDTA content. The effect of the temperature was studied by using 100, 200 and 300 ºC, maintaining the EDTA molar ratio (0.33) from the hydrothermal method. The results of the structural characterization are shown in Figure 8 . From Figure 8 , we can observe the presence of two phases: the rhombohedral phase of Bi 2 Se 3 by means of the peaks at 2θ = 18.6, 25, 29.4, 41 and 43.7°, according to the card 00-033-0124, and the phase of bismuth oxychloride (BiOCl) is evidenced by the peaks at 2θ = 12, 27, 32.5, 33, 37, 46.4 and 49°(card 06-0249) .
From the present phases, it is observed that as the synthesis temperature increases, a higher formation of Bi 2 Se 3 and a lower concentration of BiOCl occur. This fact confirms that the formation mechanism of bismuth selenide needs the formation of bismuth oxychloride, which decomposes at higher temperatures and reacts with selenium species to form Bi 2 Se 3 . In addition, from the SEM images, it can be observed that the material undergoes a morphological transformation, which starts from a flower-shaped structure at low temperatures, which is modified to faceted plates from 200 nm to 1.5 µm in size, with different thicknesses at higher temperatures. The last one is the morphology reported for Bi 2 Se 3 materials Kadel et al., 2011) . Table 2 shows the resistivity results for these samples. It can be seen that the highest electrical conductivity was obtained with the sample synthesized at 200°C. The features of this sample are in good agreement with its structural results (Fig. 8) in the presence of both phases. This result suggests the possible formation of a p-n heterojunction of Bi 2 Se 3 /BiOCl which facilitates the separation of charge carriers from a p-type semiconductor and results in the generation of an internal electric field that improves the conductive properties of the composite.
Effect of the stabilizing agent (EDTA) content
Below (Fig. 9) are the structural results of the variation of the stabilizing agent content (0, 0.33, 0.66 and 0.99 g of EDTA) at a constant temperature of 120 ºC. It is observed that the sample without EDTA presents the formation of particles with not defined morphologies and different sizes, although at this synthesis temperature it is possible to see the formation of faceted particles. As the content of EDTA increases, it is observed the formation of two phases, one of them formed by solid polygonal columns and the other one with a more porous texture. From the characterizations by X-ray diffraction and SEM, it can be said that EDTA helps the reaction to progress faster, that is, by not introducing EDTA and having a relatively low synthesis temperature, the formation of bismuth selenide is minimal, however, when the proportion of EDTA increases, the presence of bismuth selenide in the sample is higher compared to bismuth oxychloride. Table 3 shows the EDTA effect on the conductivity of the composites. Intensity (a. u.) Fig. 9 Effect of the content of the stabilizing agent on the structure of the composites.
www.rmiq.org As a summary, it was observed that from the hydrothermal method, different phases are obtained according to the synthesis temperature and the EDTA content. The main observed phases were bismuth selenide (Bi 2 Se 3 ) and bismuth oxychloride (BiOCl). The sample with the highest conductivity was BiSe-0.33-200, followed by the BiSe-0.99-120 sample (0.28 and 0.21 S-cm −1 , respectively). The characterization results of these samples indicate that temperature is the main factor in the formation of these composites. Higher temperature leads to higher purity of the bismuth selenide, but a higher value of electrical conductivity is obtained when both phases are present. This may be due to the formation of a heterojunction, that is, a union of two materials with a different band gap that facilitates the flow of electrons, easing conductivity in these materials.
Conclusions
Bi 2 Se 3 /BiOCl composites were synthesized by using different preparation methods (coprecipitation and hydrothermal) under different synthesis conditions (temperature and EDTA content). It was observed that different mechanisms and morphologies of Bi 2 Se 3 species were generated by the different methods. These features generated different electrical properties in these systems, being the samples prepared by the hydrothermal method the ones that had the highest electrical conductivity.
According to the results, both methods generated two phases, Bi 2 Se 3 and BiOCl, however, the hydrothermal method favored the formation of Bi 2 Se 3 due to the more severe conditions used in this method. It was also found that the effect that had greater influence on the formation of the phases was the temperature, the higher the temperature, the greater the amount of Bi 2 Se 3 was observed, however, an increase in the electrical conductivity was obtained when both phases were present. These results may be due to the formation of a heterojunction that facilitates the flow of electrons, increasing the conductivity in these materials, which was indirectly observed by the decrease in resistivity. This result suggests the possible formation of a p-n heterojunction of Bi 2 Se 3 /BiOCl that facilitated the separation of charge carriers from a p-type semiconductor, resulting in the generation of an internal electric field and in the improvement of the composite conductive properties. The best sample was BiSe-0.33-200, which was synthesized by the hydrothermal method and prepared with a low EDTA content and at an intermediate temperature of 200 ºC.
